An analysis of the low-level jet (LLJ) observed near the center of Typhoon Higos (0221) over the Kanto plain is presented by using upper soundings and a dual analysis of Doppler radars. The LLJ in the rear of Higos was observed near the surface in a cool airflow that flowed out of the airmass on the cold side of the frontal zone, considered to conserve high angular momentum relative to Higos moving rapidly on the warm side of the front. The LLJ was also observed in front of Higos; the wind maximum was in a warm airmass elevated over a cool surface air associated with relatively weak surface winds.
Introduction
A tropical cyclone (TC) is considered to be typically accompanied by an axi-symmetric wind field around its center. A surface inflow, conserving angular momentum, results in a tangential wind maximum near the cyclone center at the top of the boundary layer (e.g., Anthes 1982) . Recent observations have identified well defined jet structures near the eyewall in the boundary layer, sometimes below an altitude of 500 m (Franklin et al. 2003) . Although such a wind maximum around the cyclone center, often referred to as a low-level jet (LLJ), was previously proposed to result from downward mixing of higher momentum air from above via convective downdrafts, Kepert (2001) and Kepert and Wang (2001) demonstrated the existence of LLJ in the numerical simulations without convection, suggesting that the LLJ may result from the radial import of high angular momentum air rather than from convections. Furthermore, localized low-level high winds near a TC have been also attributed to a downdraft related to a midlevel dry inflow (Sakakibara et al. 2000) or to the topographically enhanced LLJ (Mashiko 2008) . The location and altitude of a LLJ affect the surface wind field and the resultant damage to structures on the land surface; thus it is needed to elucidate the structure and mechanism of LLJs.
Typhoon (TY) Higos (0221) moved north-northeastward over the Kanto plain on 1 October 2002. It was accompanied by a destructive surface westerly wind in the rear of the TC center, which Adachi and Kobayashi (2009) attributed to a downward transport of momentum from aloft on the basis of a wind profiler observation and a single Doppler radar analysis. However, a TC is associated with cyclonic strong winds around the center so that the special distribution of the curved flow should be examined. Furthermore, Higos was at the extratropical transition stage; a synoptic-scale analysis in Kitabatake (2008) showed a distinct warm front and warm advection in the north of Higos, along with an indistinct cold front but strong cold advection in the south. The thermal distribution of the environment is considered to have affected the asymmetric wind field of Higos. Our purpose of the present study is to investigate the structure and mechanism of LLJs observed in front and rear of Higos using extra soundings and the dual-analysis of Doppler radar data.
Data
The data for surface wind and temperature at an interval of 10 minutes were available from the Automated Meteorological Data Acquisition System (AMeDAS) of the Japan Meteorological Agency (JMA). Surface observation data at an interval of 1 minute obtained by the Aerological Observatory (AO) in Tsukuba and Kumagaya Meteorological Observatory (their locations are shown as a black square and a triangle in Fig. 1 , respectively) were also used in this study.
AO conducts the operational radiosonde observation regularly twice per day, with extra soundings for the monitoring of a TC. Thus the upper sounding data at 1430 JST (JST = UTC + 9 hours), 2030 JST, 2209 JST 1 Oct, and 0230 JST 2 Oct were obtained from AO. In addition, the Typhoon Research Department of the Meteorological Research Institute (MRI) conducted the GPS sonde observations at 1804 JST and 2337 JST 1 Oct at AO in Tsukuba.
Data from the C-band Doppler radars operated by the Haneda and Narita Aviation Weather Service Centers were analyzed by using the "Draft" software (Tanaka and Suzuki 2000) . The vertical and horizontal resolutions of dual analyses were set to be 0.6 km and 1.0 km, respectively.
The central position of TY Higos was determined by the interpolation of the 3-hourly best track data designated by JMA.
Results

Surface observations
At first, for an overview of the surface wind and temperature fields, Fig. 1 presents the surface wind and temperature fields when Higos moved over the Kanto plain at a translation speed of 65 75 km h 1 . A distinct frontal zone was elongated to the north of Higos, between a warm airmass > 25°C with relatively strong ESE-ly winds and a calm, cool airmass < 20°C over the inland west of the track of Higos (Fig. 1a) . The "warm" air in the NE of Higos was, however, relatively cool within about 100 km from the cyclone center (Figs. 1b  and c) . The radius of the maximum winds (RMW) was about 50 60 km. At 2100 JST (Fig. 1c ) a cool airmass of about 50 km in width, flowing out of the cool-air reservoir over the inland, ran eastward along the RMW in the left-rear quadrant of Higos. At 2200 JST (Fig. 1d ) the belt of cool air followed the NNE-ward moving Higos, with the RMW expanding slightly. Figure 2 shows the time sequences at Tsukuba and Kumagaya. Higos passed just west of Tsukuba as indicated in Fig. 1c . The minimum sea level pressure at Tsukuba was 966.6 hPa at 2108 JST, about 10 minutes ahead of the wind speed minimum (Fig. 2a) . From 1930 JST to 2100 JST the wind speed (10-min mean) was sustained at about 10 m s 1 , atypical of surface wind fluctuation near a TC, with a simultaneous cooling. After
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Naoko Kitabatake and Yoshinobu Tanaka* Meteorological Research Institute, Tsukuba, Japan the passage of Higos, temperature decreased rapidly at 2150 JST (CF in Fig. 2a ), accompanied by a strong westerly with a gust (> 30 m s 1 ), which corresponds to the leading edge of the band of the cool air along the RMW in Figs. 1c and d.
At Kumagaya, the initial temperature in Fig. 2b was < 20°C corresponding to the cool airmass over the inland in Fig. 1a , and sudden increase in temperature and wind speed occurred at 1930 JST (WF in Fig. 2b ), associated with the westward shift of the surface front shown in Fig. 1 . Subsequently the front shifted eastward and an abrupt cold-air outbreak occurred at Kumagaya at 2100 JST (CF in Fig. 2b ). Although Higos was located closest to Kumagaya at about 2110 JST, the minimum sea level pressure, which is normally related to the upper warm core (e.g., Anthes 1982), was 977.1 hPa at 2032 JST, suggesting that the cool air aloft may have begun to flow into above Kumagaya before the surface cold-air outbreak. Figure 3a exhibits the thermal features derived from the upper soundings at Tsukuba, where the center of Higos passed at about 2100 JST. Figure 3b shows wind speed relative to Higos, although the data in 500 200 hPa layer at 1804 JST were missing. Color shading in Fig. 3b denotes ESE-ly (WNW-ward) wind speed, that is, normal to the track of Higos, corresponding to the tangential component relative to the TC center. The contours in Fig. 3b denote SSW-ly (NNE-ward) wind speed, that is, along the track of Higos, corresponding to the radial component of the storm-relative wind. At 1804 JST when Higos was about 200 km south of Tsukuba, the periphery of the warm air accompanied by Higos was observed (Fig. 3a) . Particularly the warm anomaly in the lowest layer was remarkable, suggesting the frontal zone in Fig. 1 was distinct near the surface. At 2030 JST when the center of Higos was located about 60 km SSW of Tsukuba (see also Figs. 1b and c) the middle-and upper-tropospheric warm core was prominent. Although equivalent potential temperature ( e) decreased to < 345 K in the lowest layer, it increased to > 350 K at 700 hPa, resulting in the thermal stabilization in the lower troposphere (see also Supplement 1). The tangential component of the storm-relative wind at 1804 and 2030 JST exceeded 30 m s 1 at about 850 hPa, associated with an inflow > 15 m s 1 near the surface. Although these features were similar to the structure of a typical mature TC, the tangential wind maximum occurred at a little higher altitude. The ground-relative wind maximum at 2030 JST was 37 m s 1 at 1288 m (837.2 hPa), with a relatively indistinct LLJ structure (Fig. S1b in Supplement 1) .
Upper soundings
At 2209 JST when the center of Higos was located about 80 km NNE of Tsukuba (see also Fig. 1d ), almost the whole troposphere began cooling (Fig. 3a) . Exceptionally the shallow layer near 800 hPa was warming but decreased in humidity (see also Fig. S1c in Supplement 1), suggesting the subsidence. The lowest layer was dominated by very cool air. For further detail in the vertical profile at 2209 JST, there was a temperature minimum at 936 hPa associated with a prominent inversion layer above ( e / p < 0 in Fig. 3a ; see also Supplement 1). The maximum of the tangential wind speed (Fig. 3b ) occurred near the surface in the cold air below the inversion, with a radial wind implying an outflow > 10 m s 1 . The ground-relative wind maximum of 35 m s 1 was observed at 371 m (941.0 hPa) (Fig. S1c in Supplement 1) with a distinct jet structure. Adachi and Kobayashi (2009) state that the evaporation in the relatively dry layer near 800 hPa contributed to the downdraft and the related gust in the lower layer. However, wet-bulb potential temperature ( w) above 900 hPa (including the relatively dry layer near 800 hPa) was 23 24°C (Fig. S1c) , while w in the lowest layer was about 20°C. An air parcel conserves its w in case of isobaric evaporation cooling and saturated adiabatic descent (e.g., Bohren and Albrecht 1998), which implies that the cool air in the lowest layer at 2209 JST did not have its origin in the observed upper air.
At 2337 JST (at a distance of about 210 km from Higos) the low-e (cool and dry) air was dominant in the whole troposphere, indicating that a cold airmass initially existing on the cold side of the synoptic-scale frontal zone (Kitabatake 2008 ) flowed into the south of Higos and finally covered Tsukuba.
Considering the soundings shown in Fig. 3 , features in the surface observation at Tsukuba (Fig. 2a) can be translated as follows: the decrease in temperature from 1930 JST corresponds to the low-e air near the surface; the tangential velocity maximum occurred in the warm airmass above the low-e air north of the TC; thus the relatively weak surface wind during 1930 2030 JST may be a reflection of the LLJ in the potentially stable layer elevated over the low-e air near the surface. In contrast, the strong surface wind during 2150 2230 JST is a reflection of the LLJ in the shallow layer near the surface, with very low e atypical of a TC. Strong WNW winds at Kumagaya upstream of Tsukuba observed from 2100 JST (Figs. 1d and 2b) were also detected below 2 km by the operational wind profiler (see Supplement 2).
Doppler radars
In the previous sections the structure of Higos near and outside its RMW was discussed. Now we examine the wind field west and south of the TC center using the dual analysis of the Doppler radar data at Haneda and Narita. Figure 4 shows the analyses for 2050 JST, just before the strong wind outbreak at Kumagaya (Fig. 2b) . Figures 4a and b are for the ground-relative winds at altitudes of 0.7 km and 3.2 km, respectively. In both panels there are no eyewall features in the reflectivity distribution, and the area of weak winds is elongated NW-ward, corresponding to the front north of Kumagaya. The circulation centers are located several tens of kilometers northwest of the TC center estimated from the best track data, and the upper circulation center is shifted to 20 km north of the lower circulation center. At 0.7 km (Fig. 4a) a WNW-ly jet (> 25 m s 1 ) exists south of Kumagaya, where weaker winds (< 20 At 35.8°N 36.2°N the WNW-ly wind speed (red contour) increases and the reflectivity decreases with height, suggesting a dry westerly inflow above the moist convections. Adachi and Kobayashi (2009) also indicated the upper dry airflow on the basis of satellite infrared imagery. However, the WNW-ly wind speed maximum in this cross section occurs below 2 km south of 35.7°N
, corresponding to the LLJ in Fig. 4a . These features of the LLJ are consistent with those observed at Kumagaya. No direct connection is found between the LLJ and the second maximum of WNW-ly wind (at 35.9°N , 4 km height) in Fig. 4c , which may suggest that momentum transfer by downdrafts was not the main contributor to the surface strong wind at Kumagaya.
Figures 4d and e show the analyzed winds relative to the circulation center at each altitude, with the tangential (red) and radial (blue) components. At 0.7 km (Fig.  4d) , the radial velocity is < 5 m s 1 (relatively strong inflow) in the NW quadrant of the TC. At 3.2 km (Fig.  4e ) the tangential velocity is mostly weaker than at 0.7 km, and the region of tangential velocity maximum at 3.2 km does not correspond to the inflow. These facts imply that the import of cyclonic angular momentum would result in the acceleration of the cyclonic tangential velocity in the west of the TC near the surface.
Discussion
As described in Section 1, there are several possible factors to generate a LLJ near a TC. The cool air associated with the LLJ in the rear of Higos is likely to have been generated by horizontal cold advection out of the cool-air reservoir over the inland (Section 3.1) rather than by evaporation cooling in the upper layer (Section 3.2). Note that the calm airmass on the cold side of the frontal zone and the southerly flow steering Higos on the warm side of the front in Fig. 1 result in a nonuniform angular momentum distribution relative to Higos. An air parcel in the calm, cold airmass at a distance of 100 km on the left side of Higos moving at a translation speed of 20 m s 1 is assumed to have a stormrelative cyclonic tangential velocity of 20 m s 1 . When this air parcel is imported to the distance of 60 km from the cyclone center with conserving its angular momentum, the storm-(ground-) relative tangential velocity increases to 37 m s 1 (17 m s 1 ). Subsequently this parcel moves around the cyclone center cyclonically to the rear of Higos, where the tangential velocity is not offset by the translation speed of Higos. Thus the groundrelative wind speed is likely to increase (up to 37 m s 1 in this case) in the rear of Higos, which seems consistent with the calculated speed in Fig. 4a . This view implies that a strong horizontal shear without a thermal contrast may contribute to the generation of an asymmetric LLJ near a rapidly-moving TC, although the thermal stratification is likely to contribute to concentrating strong winds near the surface. Furthermore, Fig.  1 indicates that the region of cold air associated with the jet moved with Higos, suggesting that the topological enhancement of the LLJ was limited in this case.
The relatively indistinct LLJ in front of Higos (Section 3.2) appeared to be elevated to the top of a lowe air layer (Fig. 3a) . Although most of the northeastern quadrant of the TC center was echo-free as shown in Fig. 4 , the surface temperature decreased from 25°C (1900 JST) to 22°C (2000 2100 JST) (Figs. 1 and 2 , and Section 3.1); thus the surface low-e air in front of Higos is likely to have been produced by horizontal cold advection rather than evaporation in convections. It implies that the relatively warm air may have been transported from a greater distance, elevated, and associated with the jet, while the underlying cool air decreased in wind speed by friction.
Conclusion
The structure of LLJs around the center of TY Higos that rapidly moved over the Kanto plain was analyzed. A remarkable LLJ was observed in the rear (south) of the TC, in a cold airmass near the surface. The air of the LLJ flowed into the storm out of a cool-air reservoir over the inland, possibly conserving angular momentum relative to the TC. The LLJ was also observed in front (the north) of the TC, in the warm airmass over the cool surface air. The relatively weak surface wind north of the TC may be a reflection of the elevation of the LLJ. Thus the thermal stratification probably contributed to the structure of the LLJ.
